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1 Introduction
The study Item “Study on latency reduction techniques for LTE” [1] targets significantly reduce the packet latency over the LTE Uu air interface for an active UE. The high-level objectives identified for RAN1 studies include:  
· Assess specification impact and study feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol, taking into account impact on reference signals and physical layer control signaling 

· Backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier);

In this contribution, we discuss the possible specification impacts required to support a shorten TTI (S-TTI) length, focusing on the reduced processing time, the reference signal design, and DL control signaling issues. 
2. Discussion
2.1 Processing time
Processing time has been identified as one of main components contributing to the total end to end delay for connected UEs. The receiver processing time will have an impact on the time budget for HARQ round trip time and the number of HARQ processes. 

Many considerations need to be taken into account when deciding on processing time e.g. delay performance, buffering requirement and implementation complexity. More specifically, the implementation complexity is a very important factor as it directly impacts the cost of the equipment (i.e. UE and eNB) and is very heavily influenced by the processing delay for the HARQ feedback. A trade-off between implementation complexity and latency performance is required.  
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Figure 1: A simplified block diagram of PDSCH receiver 
The processing time in the UE and the eNB is highly implementation-dependent. A simplified PDSCH processing involves several serial steps, as illustrated in Figure.1:    
· CP removal + FFT conversion
· Channel estimation, weighting calculation and equalization pre-processing, and 
· DL Control channel decoding, and
· Transport block(s) decoding. 

It should be noted, that the PDSCH CTC decoding time is typically proportional to the TB size (though highly depends on implementation). Hence, the processing time for PDSCH in S-TTI is expected to be reduced due to an inherent smaller TBS size used for S-PDSCH transmission. Therefore, in this paper we have mainly focused on the processing time associated with channel estimation on the reference signals and DL control channel processing required for S-PDSCH demodulation.
Proposal 1: The processing time associated with the channel estimation and control channel should be considered as potential candidates optimization
In the next sessions, we refer PDCCH and PDSCH channels transmitted in an S-TTI as S-PDCCH and S-PDSCH respectively.
2.2 Reference Signal 

2.2.1 Cell-specific Reference Signals
Due to backward compatibility support stated in the SID as the requirement of low latency enhancements [1], support of the legacy CRS transmission with up to 4 antenna ports in every DL subframe needs to be maintained. The cell-specific nature and ‘always on’ transmission of the CRS, provides the additional benefits for low latency processing at the UE. More specifically, the channel estimation for PDSCH can be based on the CRS transmitted prior to S-PDSCH providing the additional channel estimation processing gain for the UE without increasing latency of the processing. 
To demonstrate the benefits of CRS processing from the earlier transmission of the reference signals, the link level simulations were carried out for CRS-based TM3 for the MCS corresponding to QPSK R=1/2, 16QAM R=1/2, 64QAM R=3/4. The S-PDSCH with 1-symbol S-TTI was assumed in the evaluations. In the performance analysis three channel estimation options on CRS were considered: 
· In the 1st option, the LMMSE channel estimation uses received CRS in the pervious and the present 1ms downlink subframe (see Figure 2a). The 1st option is unlikely to be used for S-PDSCH processing due to increased latency associated with buffering of the received CRS and mainly used in this paper for the benchmarking of the performance results.

· In the 2nd option, the LMMSE channel estimation algorithm uses CRS in the previous subframe and CRS on the present 1ms downlink subframe preceding the S-PDSCH (see Figure 2b). The 2nd option consider CRS processing from the previous subframe and, therefore, can be considered as one of the practical channel estimation option for S-PDSCH.

· In the 3rd option, the LMMSE channel estimation algorithm uses CRS in the OFDM symbols present the S-PDSCH (see Figure 2c). This option doesn’t utilize the CRS processing from the previous subframe and, therefore, is used to demonstrate the potential performance loss of not leveraging the benefits of the CRS.

The other details of the simulation assumptions are summarized in Table 1 in the Appendix.
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Figure 2: Illustration of the CRS REs used for the channel estimation of the S-PDSCH processing
The simulation results are provided in Figure 3. It can be seen that CHE Option 3 provides the performance degradation of about 1 dB at low SINR region comparing to the Option 1 which can be explained by the limited number of CRS REs for channel estimation. The performance loss of the Option 2 relative to Option 1 is not significant. 
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Figure 3: S-PDSCH performance for different channel estimation options

Considering the benefits CRS wrt to the channel estimation performance and low latency processing, CRS-based transmission schemes should be considered as a baseline for S-PDSCH support in a S-TTI.
It should be noted that the S-PDSCH performance with channel estimation Option 2 can be degraded in some cases. For example, for a DL subframe following a UL subframe in a TDD system, the CRS from the previous subframe will not be available that would result in some performance loss for S-PDSCH transmitted in the beginning of the subframe. A somewhat similar issue may be also observed in the system configured with MBSFN subframes, where lack of CRS may impact the S-PDSCH performance on the DL subframes following MBSFN subframe. 
Observation 1: The S-PDSCH with CRS based channel estimation shows reasonable performance and provides means for reduction of the channel estimation processing time at the UE.
Summarizing discussion above the following proposal can be made:

Proposal 2: CRS-based transmission schemes is considered as a baseline for S-PDSCH transmission. 
Some processing relaxation for CRS-based transmission schemes may be possible. For example, for the serving cell with 4 CRS port, the S-PDSCH transmission especially for open loop schemes can be based on the first two CRS antenna ports (i.e. antenna ports 0 and 1). The S-PDSCH demodulation using 2 CRS ports helps to reduce the processing burden associated with the channel estimation and the multiplication by the precoding matrix, which typically consumes some processing time at the UE when 4 CRS ports are considered.

Proposal 3: For serving cell with 4 CRS ports, consider S-PDSCH transmission based on the first two ports (0, 1) to further relax processing associated with channel estimation.
2.2.2 UE-specific Reference Signal
DMRS was adopted in Rel-10 for PDSCH demodulation in different modes of DL operations such as SU-MIMO, MU-MIMO and CoMP. It was further agreed in Rel-11 that the demodulation of E-PDCCH is based on DMRS to allow beamforming of an E-PDCCH towards a UE and both data and DMRS can benefit from the precoding gain. It is desirable to consider DMRS for S-TTIs to provide the corresponding flexibility of the DM-RS based transmissions. 

Proposal 4: DMRS-based transmission schemes can be additionally considered for S-PDSCH. 
A hybrid CDM/FDM DMRS pattern was agreed for up to rank 8 transmission in Rel-10. The DMRS of two layers are multiplexed using orthogonal sequences over 2 constiguous REs in the time domain. The DMRS overhead is rank dependent to balance the overhead required for transmission of different number of layers, which is ~7% and 14% for up to 2 layers and 8 layers, respectively. 
The existing DMRS patterns punctured to slot duration can be reused for slot-level TTI to support up to rank 4 transmission. It maintains the same DMRS overhead as earlier releases. Although it is still possible to reuse the punctured DMRS pattern for a 2-symbols S-TTI, it would result in very large RS overhead (i.e. 25%). Hence, mechanisms to reduce the DMRS overhead need to be investigated. 
One way to reduce the DMRS overhead is to reduce the DMRS density in either frequency or time. For example, if one UE is scheduled on the same frequency resource over multiple S-TTIs within one subframe, the DMRS symbols transmitted in earlier S-TTIs can be utilized for channel estimation assuming a same precoder applied for these S-TTIs. In addition, DMRS density in frequency can be also reduced for UEs under favorable channel condition e.g. in non frequency selective channels. 
Proposal 5:  Techniques to reduce DMRS overhead for S-TTI below one slot should be studied. 
In order to reduce latency associated S-PDSCH, transmission of the DMRS REs in the beginning of the S-TTI should be considered. The DMRS used for S-PDCCH can be also shared with S-PDSCH if the corresponding transmissions are close to each other in both frequency and time domains. 
Proposal 6: A shared DMRS pattern locating in the first symbols of S-TTI can be considered for demodulation of one S-PDCCH and the associated S-PDSCH to reduce DMRS overhead.  
2.3 DL control signaling
To ensure a low latency, it is essential to have one S-PDCCH in each S-TTI to timely schedule DL and UL transmission if needed. The location of S-PDCCH in relation to the corresponding data will have impact on the receiver processing time. Transmitting the S-PDCCH at the beginning of an S-TTI can allow UE to decode DL scheduling assignments as earlier as possible. Processing the data region can then conduct subsequently. This reduces the delay of the data decoding and thus the overall packet latency. 
Proposal 7:  The S-PDCCH region is located at the beginning of an S-TTI.

Another design issue regarding the control channel design is how to minimize the control signaling overhead to improve the spectrum efficiency, but still provide the sufficient scheduling flexibility for resource allocation.  
The number of REs required for a certain PDCCH depends on the payload size of the DCI. In order to limit the payload of DCI on S-PDCCH and leverage the available legacy control region, some information can be transmitted using the existing DCI. More specifically, one part of control information can be transmitted once per legacy subframe by using the legacy control region and the remaining information may be transmitted on S-PDCCH. The two parts are jointly used by the UE for S-TTI demodulation.
Proposal 8: The information on S-TTI can be provided to the UE in two DCIs transmitted in the legacy PDCCH and a S-PDCCH. 
Another way to reduce DCI payload size is to make the resource granularity of S-PDSCH coarser. Usage of the existing resource allocation granularity (i.e. 1 or 2 RBs) for PDSCH transmission may lead to the considerable control overhead e.g. due to RLC segmentation (e.g. inserting RLC/MAC header and extra 24 bits CRC bits to each TB), which is not suitable for S-TTI operation. The S-TTI length dependent granularity for resource allocation would not only reduce the DCI format size on S-PDCCH, but also effectively avoid the unnecessary segmentations for a given payload size of the TB to remove the substantial protocol overhead to some extent. 
Proposal 9:  Resource assignment granularity should be reduced for TTI shortening to reduce DCI format size. 
3. Conclusions
In this contribution, we discussed various aspects for shorten TTIs operation and provided preliminary simulation results with respect to PDSCH performance in a S-TTI based on CRS. 
Based on the discussions, we have the following observations and proposals: 

Observation 1: The S-PDSCH with CRS based channel estimation shows reasonable performance and provides means for reduction of the channel estimation processing time at the UE.
Proposal 1: The processing time associated with the channel estimation and control channel should be considered as potential candidates optimization
Proposal 2: CRS-based transmission schemes is considered as a baseline for S-PDSCH transmission. 
Proposal 3: For serving cell with 4 CRS ports, consider S-PDSCH transmission based on the first two ports (0, 1) to further relax processing associated with channel estimation.

Proposal 4: DMRS-based transmission schemes can be additionally considered for S-PDSCH. 
Proposal 5:  Techniques to reduce DMRS overhead for S-TTI below one slot should be studied. 
Proposal 6:   A shared DMRS pattern locating in the first symbols of S-TTI can be considered for demodulation of one S-PDCCH and the associated S-PDSCH to reduce DMRS overhead.  

Proposal 7:  The S-PDCCH region is located at the beginning of an S-TTI.

Proposal 8:   The information on S-TTI can be provided to the UE in two DCIs transmitted in the legacy PDCCH and a S-PDCCH. 
Proposal 9:   Resource assignment granularity should be reduced for TTI shortening to reduce DCI format size. 
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Appendix – Simulation assumptions
Table 1 Simulation assumptions

	Parameter description
	Value / Comment

	Transmission Bandwidth
	10MHz

	Channel Model
	EVA5, EVA70

	Number of Tx antennas
	2

	Number of Rx antennas
	2

	Receiver Type
	Linear MMSE

	Allocation Size 
	50 PRBs for 1 symbol S-TTI

	Transmission mode
	TM3, Rank 1 (TxD) 

	Modulation and code rate
	64QAM 3/4, 16QAM 1/2, QPSK 1/2

	TBS determination
	QPSK R = 1/2, TBS = 600

16QAM R = 1/2, TBS = 1224

 64QAM R = 3/4, TBS = 2728

	Rank adaptation
	Fixed Rank

	Link adaptation
	Disabled

	HARQ retransmission
	Disabled 
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